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The fluctuations or disordered motion of the electromagnetic fields are described by statistical
properties rather than instantaneous values. This statistical description of the optical fields is
underlying in the Stokes-Mueller formalism that applies to measurable intensities. However, the
fundamental concept of optical coherence, that is assessed by the ability of waves to interfere, is not
treatable by this formalism because it omits the global phase. In this work we show that, using an
analogy between deterministic matrix states associated to optical media and quantum mechanical
wavefunctions, it is possible to construct a general formalism that accounts for the additional terms
resulting from the coherency effects that average out for incoherent treatments. This method gen-
eralizes further the concept of coherent superposition to describe how deterministic states of optical
media can superpose to generate another deterministic media state. Our formalism of coherency is
used to study the combined polarimetric response of interfering plasmonic nanoantennas.
In optics, interference is the phenomena that occurs
when two coherent waves superpose. The celebrated ex-
ample is the Young’s double slit experiment with a beam
of light, but quantum coherence and interference is not
restricted to photons. Any moving particle is susceptible
to interfere with another if they keep a well-defined and
constant phase relation, as it can occur for example in
between two oscillating dipoles [1]. In optics, this is one
of the most fundamental interactions. When a material
medium is irradiated by an electromagnetic wave, molec-
ular electric charges are set in oscillatory motion by the
electric field of the wave, producing secondary radiation
in a form of refracted, reflected, diffracted or scattered
light with certain polarization attributes.
In quantum mechanics, the observable values are the
eigenvalues of Hermitian operators associated to the ob-
servable quantity. The observable corresponding to the
optical phenomena occurring in light-matter interactions
is the 4×4 scattering matrix with sixteen real elements
also known as the Mueller matrix that describes the lin-
ear transformation of the Stokes parameters of a light
beam upon interaction with a linear medium. In this
work, we first demonstrate how alternative representa-
tions of nondepolarizing (deterministic) optical systems
that were recently presented [2] can be used to make
the analogy between the scattering matrix states of op-
tical systems and the quantum mechanical wavefuction.
We also show that quantum coherence in material media
can be represented by a coherent linear superposition of
matrix (or vector) states associated to non-depolarizing
Mueller matrices. This linear combination is generally
understood as a convex sum of Jones matrices of nonde-
polarizing component systems [3, 4]. But here, instead
of Jones matrices, we propose a linear combination of
matrix (or vector) states with complex coefficients that
play the role of probability amplitudes of quantum me-
chanics. Despite the relationship between polarization
optics and quantum mechanics has been studied in sev-
eral previous works [5–7], Mueller matrices have never
been treated quantum mechanically. Ossikovski et al.
[8] recently presented a treatment of spatial coherency
in polarimetry and ellipsometry with Mueller matrices,
albeit their formulation is based on classical electromag-
netic first principles. In general, available theories about
coherence and polarization [9, 10] require a direct con-
sideration of electromagnetic fields. Nevertheless, our
formalism is entirely based on phenomenological descrip-
tion of the polarized light using a quantum mechanical
treatment. This generalized optical coherency formalism
provides for the first time a direct and complete analogy
between the Stokes-Mueller formalism describing inter-
action of light with the material medium and quantum
mechanics.
The overall effect of the interaction of light with a
deterministic, i.e., non-depolarizing, medium or optical
system can be described by a 2×2 complex matrix J,
referred to as Jones matrix [11]. The 4×4 real matrix
for manipulating the Stokes vectors is the Mueller ma-
trix M that is directly connected with the experimental
work in polarization optics. If the medium is determin-
istic then the associated Mueller matrix (also known as
Mueller-Jones matrix) can be analytically obtained from
the Jones matrix [12]. As opposed to the Jones matrix,
a Mueller matrix does not contain information about the
overall phase change introduced by a material medium,
because it is not an observable.
Sometimes it is convenient to study the properties of
a general Mueller matrix M (nondepolarizing or depo-
larizing) by transforming M into a Hermitian matrix H
which is called the covariance matrix [13]. If and only if
2the Mueller matrix of the system is nondepolarizing, the
associated covariance matrix will be of rank 1. In this
case, it is always possible to define a covariance vector
|h〉 such that
H = |h〉〈h|, (1)
where the vector |h〉 is the eigenvector ofH corresponding
to the single non-zero eigenvalue [14–16].
As its mathematical form suggests, H = |h〉〈h| is an
analog of the pure state of quantum mechanics expressed
in the density matrix form, where the covariance vector,
|h〉, plays the role of quantum mechanical state vector,
|Ψ〉. In a suitable basis that we have defined in a previous
work [2], the dimensionless components of |h〉 are τ , α,
β and γ:
|h〉 = (τ, α, β, γ)T . (2)
where α, β, γ are complex parameters and τ can be cho-
sen to be real because the global phase is not an experi-
mental observable.
A deterministic state can be alternatively given by a
Jones matrix J, a Mueller-Jones matrix MJ , covariance
vector |h〉 or a 4× 4 complex matrix, Z, defined as [2]:
Z =


τ α β γ
α τ −iγ iβ
β iγ τ −iα
γ −iβ iα τ

 . (3)
This matrix has a remarkable property [2]:
MJ = ZZ
∗ = Z∗Z, (4)
whereMJ is a Mueller-Jones matrix.
Here, the analogy between the Z matrix and a quan-
tum mechanical wavefuntion, usually denoted as ψ, is
evident. The Z matrix is a complex matrix state that,
when multiplied with its complex conjugate, gives a real
valued Mueller-Jones matrix with elements that are ob-
servable quantities in experimental polarization optics.
In the following, Zmatrices will be referred to as Mueller-
Jones states, and we will show that it is also possible to
think of a linear superposition of Z matrices in a way
very similar to the superposition of quantum mechanical
wavefunctions.
The coherent superposition of polarization states can
be introduced with Young’s double slit experiment. The
wavefunction of the combined beam can be written as a
linear superposition of wavefunctions of light emerging
from each slit:
ψ = aψa + bψb. (5)
The phenomenon of interference of light comes into play
if ψj are, in all respects, identical to each other except
relative phases. For example, if ψb = e
iφψa (0 ≤ φ < 2π),
and if we let a = b = 1√
2
, then the probability distribution
function at a given detection point displays a typical cosφ
dependence:
ψψ∗ =
1
2
ψaψ
∗
a(1 + e
iφ)(1 + e−iφ)
= ψaψ
∗
a(1 + cosφ),
(6)
If we consider an extended detector, the probability den-
sity at the detector will vary accordingly with the cosine
term as a function of position, because the optical path
(and therefore the value of φ) changes with the detection
point. On the other hand, if we set a vertical and a hor-
izontal polarizer before each slit, there will be no sign of
interference at all. Thus, it is worth to remark that the
lack of interference does not necessarily indicate absence
of coherence.
An optical superposition process may take place dur-
ing a light-matter interaction experiment. When a light
beam simultaneously illuminates different parts of the
material medium, each part having different optical prop-
erties, the light emerging from different parts, in general
with different polarizations, may coherently recombine
into a single beam. If the studied material medium is
effectively composed of several non-depolarizing (deter-
ministic) systems, each system with a well defined Jones
matrix, then the Jones matrix of the combined system is
simply given by a linear combination of the Jones matri-
ces of the component systems[3, 4]:
J =
∑
i
Ji, (7)
For the analogies with quantum mechanics that we are
tracing in this work it is more practical to rewrite (7) with
normalized Jones component matrices, so that each term
of the superposition is preceded by a complex coefficient
that accounts for the relative amplitude and phase:
J = aJa + bJb + cJc + · · · . (8)
By means of definition Z = A(I ⊗ J)A−1 (where A is a
constant unitary matrix[2]), this coherent linear combi-
nation can be directly translated to the Z matrix states
with the same complex coefficients:
Z = aZa + bZb + cZc + · · · . (9)
Complex coefficients a, b, c, ..., here play the role of proba-
bility amplitudes of quantum mechanics. Obviously, this
is a coherent summation and the resultant matrix state
Z corresponds to the nondepolarizing Mueller matrix of
the combined system. The complex coefficients, a, b, c, ...,
can generally be functions of space, time and frequency.
These dependencies can entail depolarization effects if
the measurement system cannot resolve these variations,
as it will be discussed later.
3Without loss of generality we may restrict our presen-
tation to a two-term coherent parallel combination. It
can be shown that the Eqs. (8) and (9) lead to the same
Mueller-Jones matrix of the combined nondepolarizing
system, MJ . For instance, from Eq. (9), MJ can be
written in terms of Z matrices as follows:
MJ = ZZ
∗ = aa∗ZaZ
∗
a+ bb
∗
ZbZ
∗
b +ab
∗
ZaZ
∗
b + ba
∗
ZbZ
∗
a.
(10)
In this expansion, ZaZ
∗
a and ZbZ
∗
b are the Mueller-
Jones matrices of the nondepolarizing component sys-
tems, whereas, ZaZ
∗
b and ZbZ
∗
a are the matrices re-
sulting from coherence that cannot be interpreted as
Mueller matrices in the usual sense. The combined term
ab∗ZaZ∗b + ba
∗
ZbZ
∗
a turns out to be a real matrix; but,
still it is not a Mueller matrix. The result provided by
means of Eq. (8) is mathematically equivalent to Eq.
(10) under the transformation A(Jm⊗J∗n)A−1 = ZmZ∗n
[2]. Besides rendering the mathematics compact and sim-
ple, the advantage of the Z matrix approach is that, in
contrast to Jones formalism, it also permits treating in-
coherent or partially coherent processes by, respectively,
truncating or attenuating the coherence terms ZaZ
∗
b and
ZbZ
∗
a.
The Jones and the Z matrix approaches are equiva-
lent descriptions for a coherent parallel combination of
deterministic systems. However, sometimes it may be
convenient to work with vectors rather than matrices,
and formulate the coherent parallel combination process
in terms of the covariance vectors of the associated sys-
tems:
|h〉 = a|ha〉+ b|hb〉+ c|hc〉+ · · · (11)
where, four dimensional complex vectors |hi〉 are defined
in Eq. (2).
In case of a two-term coherent parallel combination,
the covariance matrix H of the combined system can be
written as:
H = |h〉〈h| =
aa∗|ha〉〈ha|+ bb∗|hb〉〈hb|+ ab∗|ha〉〈hb|+ ba∗|hb〉〈ha|,
(12)
where |ha〉〈ha| and |hb〉〈hb| are the covariance matrices
corresponding to the Mueller-Jones matrices of the non-
depolarizing component systems; |hb〉〈ha| and |hb〉〈ha|
are the mixed coherence terms which cannot be related
to the usual Mueller matrices. But, the covariance ma-
trix of the combined system, H, leads directly to the
Mueller-Jones matrix of the combined system anyway.
In quantum mechanics, any state vector (pure state)
can be written as a linear combination of basis states
(pure states) which are, in general, a complete set of
eigenvectors of a Hermitian operator that corresponds to
an observable quantity:
|Ψ〉 =
N∑
i=1
ai|ψ〉i (13)
where ai are complex numbers (amplitudes) and |ψ〉i are
the eigenvectors of a Hermitian operator that constitute
a complete set of basis system. The covariance vector |h〉
is analog of the quantum mechanical state vector, |Ψ〉,
and it also possible to decompose a given vector |h〉 with
respect to a complete basis set of component systems.
We simply apply the ordinary vector decomposition pro-
cedure:
|h〉 = a1|h1〉+ a2|h2〉+ a3|h3〉+ a4|h4〉, (14)
where ai are complex coefficients and |hi〉 constitute a
complete set of basis vectors. The vectorial decomposi-
tion of |h〉 is not unique: for a given |h〉 there may exist
infinitely many decomposition with respect to different
set of complete basis. Basis vectors, |hi〉, can define an
orthogonal or non-orthogonal basis. For example, if |h1〉
and |h2〉 correspond, respectively, to orthonormal covari-
ance vectors of a linear horizontal polarizer and a linear
vertical polarizer, then the following expansion of |h〉 will
correspond to a horizontal quarter-wave plate state:
|h〉 = 1 + i
2
|h1〉+ 1− i
2
|h2〉. (15)
Algebra of Mueller-Jones formalism admits a superpo-
sition of |h〉 states as given in Eq. (14). Therefore, at
least mathematically, we can consider an ideal quarter-
wave plate state as a coherent linear combination of two
orthogonal linear polarizer states. In practice, this means
that, if it could be possible to combine two orthogonal
polarizers coherently with the associated complex coeffi-
cients as given in Eq. (15), we would obtain an artificial
quarter wave plate that effectively responds to the inci-
dent light just like a genuine one. In general, we can use
non-orthogonal basis to decompose a given covariance
vector |h〉. However, decomposition with respect to non-
orthogonal basis is more involved: we have to take into
account covariant and contravariant types of vectors and
expansion coefficients. As an example, the covariance
vector of an ideal partial polarizer can be decomposed
into a non-orthogonal basis states, one of them being
the direct beam state which corresponds to the identity
Mueller matrix, and the other component being a hori-
zontal linear polarizer state, with suitable coefficients.
In a real experiment, the measuring apparatus may be
unable to resolve the fluctuations in the phases of the
electromagnetic fields arising during the interaction of
the light beam with a sample, then the measured scat-
tering matrix of the combined system turns out to be
a depolarizing Mueller matrix that can be considered
as a mixture of nondepolarizing Mueller-Jones matrices.
Kim, Mandel and Wolf [17], consider an ensemble aver-
age of Jones matrix realizations in order to explain de-
polarization. Gil gives a more detailed depolarization
scheme based on an incoherent convex sum of Mueller-
Jones matrices [3]: if we let I(i) be the intensity of the
4portion of light that interacts with the “i” element, and
denote J(i),M
(i)
J the respective Jones and Mueller-Jones
matrices representing the “i” element, the Jones vector
(ǫ) of the light pencil emerging from each element will be
given by
ǫ′i = J
(i)[
√
piǫ], (16)
where pi = I
(i)/I, I being the total intensity. The
corresponding Stokes vector, s′, of the complete emerging
beam, obtained through the incoherent superposition of
the beams emerging from the different elements, s′i, can
be written as
s′ =
∑
i
s′i =
(∑
i
piM
(i)
J
)
s =Ms, (17)
where M is the depolarizing Mueller matrix of the inco-
herently combined system.
In this result the system is considered as an ensem-
ble, so that each realization “i” characterized by a well-
defined Mueller-Jones matrix M
(i)
J , occurs with proba-
bility pi, hence, the optical system can be considered as
a proper mixture of Muller-Jones realizations at the out-
set. However, even when the fluctuations in phases in
each one of the elements take place, instantaneous real-
izations are still deterministic. In other words, at a given
time, space and frequency all phases can be considered
as constants, therefore the linear superposition is instan-
taneously coherent and the Mueller matrix of the com-
bined optical system is instantaneously non-depolarizing
(here the adverb instantaneously does not only imply a
temporal meaning). Only when we begin to take into ac-
count the statistical averages (time average, spatial aver-
age and/or frequency average), coherence terms will be
washed out and the result will be depolarizing. For ex-
ample, consider a simple case where the Z matrix of the
combined system is formed by a linear combination of Z
matrices of two subsystems at a given instant:
Z =
1√
2
Za +
eiφ√
2
Zb, (18)
where Za, Zb are the matrix states of the subsystems,
and φ is a constant phase angle. The nondepolarizing
Mueller matrix corresponding to Z will be
MJ =
1
2
Ma +
1
2
Mb +
e−iφ
2
ZaZ
∗
b +
eiφ
2
ZbZ
∗
a, (19)
where ZaZ
∗
b and Z
∗
aZb are the coherence terms.
Now consider another instant:
Z
′ =
1√
2
Za − e
iφ
√
2
Zb (20)
In this case there is an additional phase, eipi = −1. Then
the nondepolarizing Mueller matrix corresponding to Z′
is
M
′
J =
1
2
Ma +
1
2
Mb − e
−iφ
2
ZaZ
∗
b −
eiφ
2
ZbZ
∗
a. (21)
In the arithmetic mean of MJ andM
′
J ,
Maverage =
1
2
Ma +
1
2
Mb, (22)
the coherence terms are totally truncated, and the result
is a depolarizing Mueller matrix which turns out to be
a convex sum of nondepolarizing Mueller matrices of the
component systems.
The matricesM andM′ are the instantaneous (in the
sense of constant phase) realizations of the measurement
process. Now consider a continuum of similar instan-
taneous realizations and assume that the phase relations
between the component systems change very rapidly dur-
ing the exposure time (T ). For example, let the phase
angle φ be a function of time so that the orientation
of unit vector eiφ randomly fluctuates with a vanishing
integral
∫ T
0
eiφdt, then, due to the temporal average of
the instantaneous realizations, the coherence terms will
be truncated (or attenuated in case of partial coherence)
and depolarization effects will appear. Here we have dis-
cussed temporal averaging, but similar results would be
obtained for spatial and frequency averaging.
This situation resembles to the development of an in-
terference pattern on the screen of Young’s double slit
experiment, photon by photon. The arrival of each pho-
ton at a point detector is an instantaneous realization of
the superposed probability waves. But, if the coherency
of light cannot be preserved in a long period of time, the
interference pattern will be washed out, in spite of the
fact that, the instantaneous detection of a single pho-
ton still obeys the well defined superposition principle of
quantum mechanics. We may observe interference effects
if in Eq. (18) Za = Zb:
Z =
1√
2
Za +
eiφ√
2
Za =
1√
2
Za(1 + e
iφ). (23)
This is an analog of Young’s double slit with two equiv-
alent component systems with a relative phase between
them. The corresponding Mueller-Jones matrix is,
MJ = ZaZ
∗
a(1 + cosφ) =Ma(1 + cosφ), (24)
where Ma is the nondepolarizing Mueller matrix
(Mueller-Jones matrix) of the equivalent component sys-
tems. Note that Eq. (24) is an analog of Eq. (6), but here
interference effects are directly defined within Mueller
matrices associated to optical media.
Interference effects can only be observed if the value of
φ can be preserved during the measurement. If φ varies
drastically, on the average, cosφ term will tend to van-
ish but the Mueller-Jones matrix of the combined sys-
tem will be still equal toMa. For depolarization effects,
5FIG. 1: a, Surface charge distributions (positive charges in red and negatives in blue) for the long and short nanoantennas at
the indicated wavelengths. b, Calculated extinction and scattering cross sections for the two types of nanoantennas. Due to
the different aspect ratio, the resonances occur at different wavelengths. c, Normalized Mueller matrix for each structure when
they are vertically oriented (along y).
uncontrollable-random fluctuations in the phases are not
enough: at least two systems with distinct states should
be combined in parallel.
Superposition of distinct states can be illustrated by
small (much smaller than the wavelength of light) spher-
ical particles with isotropic polarizability that can be put
in oscillatory motion when they are placed in a periodic
electric field, producing secondary radiation. If, in an
oriented material medium, dipoles are constrained to vi-
brate only along a certain direction, the forward scat-
tering matrix of the dipole coincides with the Mueller
matrix of a linear polarizer. Therefore, for vertical and
horizontal dipoles we have, respectively:
MV =
1
2


1 −1 0 0
−1 1 0 0
0 0 0 0
0 0 0 0

 , MH = 12


1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

 .
(25)
The corresponding ZV and ZH Matrices are
ZV =
1√
2


1 −1 0 0
−1 1 0 0
0 0 1 i
0 0 −i 1

 , ZH = 1√2


1 1 0 0
1 1 0 0
0 0 1 −i
0 0 i 1

 .
(26)
The superposed state is given by Z = aV ZV + aHZH . If
the two particles are identical and simultaneously excited
by the same beam of light the complex weights aV and
aH must be equal (aV = aH = a). Then, incoherent
superposed state will be given by:
Mincoh = |a|2(ZV Z∗V + ZHZ∗H) = 2|a|2


1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 0

 ,
(27)
while for the coherent superposition:
Mcoh = |a|2(ZV Z∗V +ZHZ∗H+ZV Z∗H +ZHZ∗V ) = 2|a|2I,
(28)
where I is the 4 × 4 identity matrix, meaning that the
coherent superposed system is able to maintain the polar-
ization state of any incoming beam. In fact, this is a gen-
eral result when superposing Z matrices that correspond
to orthogonal directions of anisotropy. For example the
same identity matrix is recovered when superposing left-
and right- handed circular polarizers.
If the particles are not identical or the applied periodic
fields to each particle have different (but constant) phases
and amplitudes, the complex coefficients aV and aH may
not coincide, and this will affectMcoh, term given by Eq.
(28). On the other hand, regardless of the characteristics
of the component particles,Mincoh will only be affected
by the amplitudes of aV and aH but not by their phases.
The coherent superposition of dipoles can be well il-
lustrated for visible or near IR light by analyzing the
optical response of thin stripes of gold with the nanoan-
tenna geometry shown in Fig. 1a. These metallic rect-
angular structures have a width and thickness of 50 nm
and a length of 500 nm (for long nanoantenna) and 250
nm (for short nanoantenna). The electromagnetic re-
sponse of such antenna-like particles is calculated using
the boundary element method (BEM) [18, 19]. We have
used the MATLAB implementation of the BEM method
developed by Hohenester et al. [19]. The optical con-
stants of of Au are taken from Johnson and Christy [20]
with the data extrapolated to the infrared range by the
Drude model. The extinction spectra of the long nanoan-
tenna (Fig. 1b) shows a dipolar resonance at 1560 nm
and a secondary quadrupolar resonance around 640 nm,
as it is shown by the surface charge distributions of Fig.
1a. The short nanoantenna (Fig. 1b) has a single dipole
resonance located at shorter wavelengths (960 nm), cor-
6FIG. 2: a, Surface charge distributions for a cross made
of two long nanoantennas at the indicated wavelengths. b,
Comparison between the normalized Mueller matrix obtained
from BEM simulation (red) of the structure in a, and the
calculation (black). c, Surface charge distributions for a cross
made of a long and a short nanoantenna. d, Comparison
between the normalized Mueller matrix obtained from BEM
simulation (red) of c, and the calculation (black).
responding to a smaller aspect ratio [21]. The simulated
Mueller matrices for the vertically oriented short and long
nanoantennas are shown in Fig. 1c. At long wavelengths,
the Mueller matrix for both structures is very close to a
vertical polarizer (MV in Eq. (25)), while at the short-
est wavelengths energy of light is no longer confined in
a dipolar resonance, and the nanoantennas behave more
like a retarder.
In the next step, we analyze the superposed effect
of two combined nanoantennas that are not necessarily
aligned. This combined effect can be calculated from Eq.
(10) by using the component Z matrices derived from the
Mueller matrices of Fig. 1. We simply rotate the simu-
lated Mueller matrices of vertical nanoantennas to obtain
their Mueller matrix at an angle θ: R(−θ)MR(θ). First
we consider two perpendicularly crossed nanoantennas,
which are illustrated by cross-like structures in Figs. 2a
and 2c. For a cross formed by two equal nanoantennas,
the complex coefficients associated to each component
antenna are the same, then coherent superposition of or-
thogonal Z matrix states leads to an identity Mueller
matrix (Fig. 2b), as it was anticipated by Eq. (28).
However, even if the Mueller matrices of long and short
nanoantennas are very similar (Fig. 1c), the combined
effect of perpendicularly crossed long and short antennas
strongly differs from the identity mueller Matrix (Fig.
2d) because, in this case, the complex coefficients are not
the same. For any of these perpendicularly crossed con-
figurations, the Mueller matrices simulated by the BEM
method are in good agreement with the matrices calcu-
lated from the data of component nanoantennas.
In a cross made by orthogonal nanoantennas there
is no significant electronic interaction between the the
dipole modes of the antennas and the extinction spec-
tra is, qualitatively, an addition of the spectra of the
individual antenna. However, the situation can be differ-
ent if the dipole moments of the antennas are parallel or
partially parallel because, in this case, they can signifi-
cantly couple to each other. According to the plasmon
hybridization theory of particle dimers, coupling of the
individual resonances results into a lower energy mode
with the dipole moments of the individual particles being
in phase, and results into a higher energy mode with the
dipole moments out of phase [22]. This second case has
an overall lower dipole moment and hence scatters less
light. The surface charge distribution calculated at the
resonances confirms the nature of these coupled modes
(Fig. 1 of Supplementary Information).
In Fig. 3 we consider the superposed effect of the
nanoantennas with a relative orientation of 45◦. As in
this configuration the dipole moments are oblique, cou-
pled modes can appear to substantially modify the indi-
vidual responses of the antennas. The intensity of the
coupling depends on the distance between the antennas
(Fig. 2 of Supplementary Information). When the cou-
pling is significant, the calculated Mueller matrices (with
Eq. (10)) from the associated component nanoantenna
matrix states do not match the BEM simulations of the
combined nanostructure. However, instead of simulating
crossed antennas, when we consider separated antennas,
as shown in Fig. 3, the results of the BEM simulations
show good agreement with the coherent superposition
calculations of Eq. (10), because the coupling effects are
minimized. Extending our interference formalism with
incorporating specific dynamical laws of interaction will
be the subject of future works.
In this letter it is shown that the coherent (constant
phase) parallel combination of deterministic systems can
be written as a linear combination of Z matrices with
complex coefficients. When the component Mueller-
Jones states are the same but have different relative
phases interference effects are expected to be observed.
It is also shown that depolarization can arise from tem-
poral, spatial or frequency averaging over fluctuating and
distinct Mueller-Jones matrices. If the parallel combina-
tion process is incoherent at the outset, this averaging
totally cancels out the coherence terms, and the Mueller
matrix of the combined system reduces simply to the
convex sum of Mueller-Jones matrix realizations.
The mathematical formalism we have described is
based on the linear light-matter interactions described in
Mueller matrices. It allows to introduce the concept of
7FIG. 3: a, Surface charge distributions for crossed and distant (1.5 µm of separation) oblique nanoantennas b, Extinction and
scattering cross section for the systems shown in a. The strong coupling in the oblique crosses results into low and high energy
modes that do not appear for the distant dipoles, when coupling is not significant. c, The calculated Mueller matrix from the
component nanoantenna states is in agreement with BEM simulation for distant dipoles.
“superposition of Mueller-Jones states” of optical media,
and makes an analogy between the quantum mechanical
wavefunction ψ and the matrix state Z. This consti-
tutes a quantum theory of optical coherence that has the
particularity that is grounded on the sixteen observable
quantities (elements of a Mueller matrix) that character-
ize an optical media, as opposed to the single observable
quantity (intensity of light) around which other theories
are built. Note that, despite the main subject being the
optical coherence, this formalism does not directly en-
tail working with electromagnetic fields. We think that
this formalism can be specially useful for applications in
which coherent, partially coherent and incoherent super-
position processes coexist. For example in nanophotonics
it may provide theoretical means to tailor the light emis-
sion of nanostructures embedded in large area domains
with the desired polarization response and functionality.
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